Abstract-A novel K-edge imaging method has been developed at the Mainz Microtron MAMI aiming at a very efficient use of the transition radiation (TR) flux generated by the external 855 MeV electron beam in a foil stack. A fan-like quasi-monochromatic hard X-ray beam is produced from the ¦1 mrad wide TR cone with a highly oriented pyrolytic graphite (HOPG) crystal. The absorption of the object in front of a 30 mm ¢ 10 mm pn-CCD photon detector is measured at every pixel by a broad-band energy scan around the K-absorption edge. This is accomplished by a synchronous variation of the lateral crystal position and the electron beam direction which defines also the direction of the TR cone. The system has been checked with a phantom consisting of a 2.5 µm thick molybdenum sample embedded in a 136 or 272 µm thick copper bulk foil. A numerical analysis of the energy spectrum for every pixel demonstrates that data as far as ¦ 0.75 keV away from the K edge of molybdenum at 20 keV still improve the signal-to-noise ratio. Prospects are discussed to investigate the human lungs with xenon as a contrast agent at the available total primary photon flux of 2 ¢10 10 /(s¡ 0.1% bandwidth (BW)) only.
I. INTRODUCTION
Ì HE discontinuity of the absorption coefficient at an absorption edge can be utilized to generate contrast of a heavy element embedded in a bulk material of essentially light ones. This technique is used for example in the field of medical Xray imaging to visualize human coronary arteries. In this socalled minimum invasive digital energy subtraction angiography with synchrotron radiation (DESA) the contrast agent is iodine which is injected into the venous system. Two images are taken, one with a photon energy just above the K edge of iodine at 33.17 keV, and one with an energy just below. The iodine contrast is generated by logarithmic subtraction of the two images by which the contrast of bones and soft tissue is largely reduced. This minimum invasive technique is much less risky than the conventional coronary angiography in which a catheter is introduced into the arteries. Since in western countries 50% of the cases of death are due to cardiovascular diseases, worldwide research activities have been initiated to develop the DESA technique, in the USA, Germany, Japan, Russia, [5] . A large number of patients has already been successfully examined with the systems at the NSLS in Brookhaven and at HASYLAB in Hamburg [6] , [7] . However, for a widespread use of this novel medical technique compact and low-cost radiation sources are required which can be operated in medical hospitals. Beside the development of compact synchrotron radiation sources also different X-ray production mechanisms (e.g., channeling radiation) have been discussed for DESA [8] - [11] .
In addition to the efforts in the development of compact radiation sources the photon detection technique is being improved. A dual line high-purity germanium detector has been employed at the ESRF in Grenoble [5] . It is expected that in near future two-dimensional germanium arrays are available with a sufficient spatial resolution for DESA and a high photon detection efficiency at 33 keV. In addition, quite inexpensive compact linear accelerators are currently under development for fundamental research in high energy physics (e.g., the TESLA project) [12] . Based on such a scenario we felt that it might be appropriate to investigate the feasibility for DESA with transition radiation (TR) produced by 1 GeV electron beam which traverses an optimized stack of thin foils [13] , [14] . Our approach aims at a very efficient use of the available photon flux. This can be achieved by taking advantage of the high integrated reflectivity of a highly oriented pyrolytic graphite (HOPG) crystal [15] .
In this paper we describe a case study for such an imaging system. In sections II and III the basic principle of the imaging system, the experimental setup at the Mainz Microtron MAMI, measurements, and the data analysis are described. In section IV, our results are presented as obtained with a phantom consisting of copper as the bulk material and molybdenum as contrast material. Molybdenum with the K-absorption edge at 20 keV was chosen instead of iodine, since our silicon pn charge-coupled device (pn-CCD) detector of 0.27 mm active thickness has an efficiency too low for photons with an energy of 33 keV. The paper closes with a discussion examining the possibility to investigate the human lungs with xenon as a contrast agent.
II. EXPERIMENTAL METHODS

A. Principle
The basic idea of the novel K-edge imaging system will be explained by means of the schematic experimental setup shown in Fig. 1 . TR is generated with the 855 MeV electron beam of the Mainz Microtron MAMI in the passage of a stack of 30 polyimide foils of 25 µm thickness and spacings of 75 µm. The maximum intensity is emitted at an angle Θ 1 γ 0 6 mrad where γ 1673 is the Lorentz factor characterizing the electron beam energy. The energy spectrum extends up to a cutoff energy of about γhω P 41 2 keV, withhω P 24 6 eV the plasma frequency of the foil material. A quasi-monochromatic hard Xray beam is generated with a highly oriented pyrolytic graphite (HOPG) crystal. Quasi-monochromatic means that there exists a well-defined correlation between location and energy along the horizontal coordinate at the object in front of a pn-CCD photon detector. The object is investigated by tuning the energy at every pixel of the detector around the K-absorption edge. This is achieved by a synchronous variation of the crystal position, its angle Θ B , and the direction of the TR cone. At such a variation the intensity distribution of the quasi-monochromatic X-ray beam remains nearly unchanged at the object.
B. Experimental Setup
The overview of the complete experimental setup at MAMI is presented in Fig. 2 .
The electron beam traverses the foil stack and is bent towards the beam dump with a dipole magnet. The TR exits the vacuum system in forward direction and hits the monochromator located in the nominal position at a distance of 7.1 m from the foil stack. The flat HOPG crystal in [002] orientation has dimensions of 50 mm ¢ 15 mm ¢ 1 5 mm with a mosaic spread α 0 49 AE . An intrinsic bandwidth of´94 ¦ 10µ eV was measured with a critical absorption technique at the K-absorption edge of tin at 29 2 keV [16] . The object to be investigated is located directly in front of the detector at a distance of 3.67 m from the HOPG-crystal nominal position. The asymmetric arrangement of radiator, crystal, and detector had to be chosen because of geometrical constraints in the experimental area. It causes an additional geometrical broadening of the bandwidth which was calculated to be 66 eV. At the object the X-ray spot size amounts to 63 mm (horizontal) ¢ 20 mm (vertical) [full width at half maximum (FWHM)].
As a detector a silicon pn-CCD with an active area of 30 mm ¢ 10 mm, a thickness of 270 µm, and a pixel size of 150 µm ¢ 150 µm was used [17] . Since the photon detection The latter corresponds to a change of the electron beam direction of ¦11 5 mrad. During this shift the TR cone is kept on the center of the HOPG crystal by means of a closed-loop control system [18] . The controller, based on a digital signal processor, acts on the electron beam direction via the dipole steerer magnet , see Fig. 2 . The error signal is derived from the intensity difference of two silicon photo diodes, with an active area of 2 mm ¢ 2 mm, which are located on both sides of the HOPG crystal at a distance of 13 mm from the center. The error signal is a measure of the direction of the TR cone which coincides with the electron beam direction. The directional variation of the electron beam is achieved by a point-to-point imaging of the beam spot between the dipole steerer magnet and the foil stack using the quadrupole doublet. It is very important that the position of the electron beam spot at the foil stack remains nearly unchanged if the direction of the electron beam is varied. To achieve this, the horizontal beam position at the foil stack is monitored by two 9.8 GHz rf cavities which are positioned symmetrically upstream and downstream from the foil stack at a distance of 90 mm [19] . The adjustment is accomplished if the sum signal of both cavities vanishes. The full directional variation of the beam direction of ¦11 5 mrad resulted in a walk of the beam spot of about ¦6 µm only. In addition, the HOPG crystal must be turned during a scan by an angle of about ∆Θ B 0 66 AE around its vertical symmetry axis in order to keep the Bragg condition fulfilled.
The energy of the quasi-monochromatic X-ray beam was varied by this procedure at every pixel of the pn-CCD detector with a time slope of up to 185 eV/s by about ∆E 2 7 keV. The energy dispersion at the pn-CCD detector amounts to about 4.3 eV/column which corresponds to 850 eV over the total horizontal width. Both quantities vary as function of the location of the HOPG crystal and the horizontal coordinate of the pn-CCD detector, for details see Fig. 3 . 100 µA of MAMI. The exposure time for one frame amounted to 10 ms followed by a readout time of 5.8 ms with the beam off. While data taking the HOPG crystal was continuously moved on the translation stage with a velocity of up to 56 mm/s. The raw data of the pn-CCD were processed with a computer code developed by O. Kettig [20] . The data were corrected for different offsets and gains of the 64 on-chip amplifiers as well as for charge-transfer losses during the readout of the pixel contents. Pulse height spectra were generated this way for every pixel of the pn-CCD detector and position of the HOPG at the translation stage. For further data analysis a sliding window with a width of 1.6 keV was put in the pulse height spectra symmetrically around the center of the Bragg energy, see Fig.  5 . Background originating from events in the tail of the [004] reflection at 38.8 keV, but also from cascades of high energy bremsstrahlung photons created in the foil stack and the beam dump, was subtracted from a window put above the analyzing window. With the background corrected integrated intensity, spectra were generated as function of the photon energy. The latter was determined by an energy calibration with respect to the HOPG crystal position for each column of the pn-CCD. If necessary, the intensity of a sufficient number of neighboring pixels were summed up. Examples of such spectra for the phantom shown in Fig. 4 are presented in Fig. 6 (a) for a position at the pn-CCD detector with the molybdenum sample foil in front, and Fig. 6(b) only the copper foil. In Fig. 6 (a) the K-absorption edge of molybdenum at 20 keV is indicated by an arrow.
Inspecting only the close neighborhood of the known K-edge energy the intensity change cannot be recognized on basis of the limited counting statistics if the included fit curve is disregarded. However, in the complete inspection interval the K edge may already be guessed. It is also evident that data very far away from the K edge become more and more insignificant. The goal of the analysis described in the following is to quantify these qualitative statements in terms of a signal-to-noise ratio (SNR) which will be investigated as function of the inspection interval.
For that purpose the thickness of the molybdenum sample foil has been determined by two independent best fits, one below and one above the K-absorption edge with functions 
of the molybdenum sample foil was calculated. 
IV. RESULTS AND DISCUSSION
The results of the molybdenum thicknesses, obtained as described in the previous section, are shown in Figs. 7 and 8 in gray-level representation with the fit interval as a parameter. The contrast of the molybdenum sample improves if the analyzing interval ∆E is increased, see Fig. 7 .
Finally, we address to the question from which energy interval ∆E the optimum information on the thickness of the molybdenum sample foil may be extracted. In order to quantify this question a signal-to-noise ratio SNR d Mo The result is shown in Fig.   9 . The SNR improves steadily with increasing energy interval ∆E. Even data far away from the K edge still carry some information on the sample foil. However, above ∆E 2 2 keV the SNR is close to saturation. Therefore, it is not appropriate to choose an energy interval ∆E much larger than about 1.5 keV, since at larger ∆E the absorbed dose in the bulk material increases linearly at a slight improvement of the SNR. 
V. CONCLUSION AND OUTLOOK
Experiments which demonstrate the feasibility of a novel digital K-edge imaging system with a transition radiation source have been described in this paper. The basic components are a foil stack in which an external 855 MeV electron beam produces hard X-ray transition radiation, a tunable HOPG monochromator, and a 2-D photon detector in front of which the object under investigation is located. The system exploits the limited number of photons in a very efficient manner. This system could be of interest for a number of applications in material sciences and biology but may already be suited for medical applications, as will be demonstrated in the following.
It has been shown that the human lungs can be investigated in a quite similar manner as the human heart with the DESA technique [21] , [22] . While in the latter iodine is used as a contrast agent, xenon with its K-absorption edge at 34.56 keV is used in the K-edge dichromographic bronchography. The patient inhales a mixture of 80% xenon and 20% oxygen and keeps it in his lungs for about 5 s. For DESA a photon flux of 2 7 ¢10 11 ´s mm 2 µ in a bandwidth of 163 eV is required to yield a SNR=5 for a 1 mm thick artery employing the two-line detectors of [23] . The imaging of an area of 125 mm ¢125 mm requires a total number of 6 8 ¢10 12 photons in the 250 ms exposure time. Since the xenon concentration is lower by about a factor of two than that of iodine, the same SNR is obtained for bronchi of 2.5 mm inner diameter. However, instead of the very short exposure time of 250 ms for DESA the exposure time for bronchial imaging may be as long as 5 s which implies a big reduction of the required photon flux. At the maximum electron beam current I 100 µA of MAMI a photon flux of 2 ¢ 10 10 ´s ¡ 0 1% BW µ is emitted into a ¦0 7 mrad radiation cone. This number has been calculated for a stack of 30 diamond foils with a thickness of 20 µm, a separation of 65 µm, and an average electron beam divergence of 0.22 mrad (1σ). With a flat HOPG with dimensions covering the radiation cone of ¦0 7 mrad and a mosaic spread of α 0 49 AE , the X-ray spot size at the detector position amounts to 125 mm ¢21 mm.
A symmetrical arrangement of X-ray source, HOPG crystal, and the 2-D resolving photon detector with equal distances of 7.3 m has been assumed. The mean photon flux amounts to 3 3 ¢ 10 8 /(s mm 2 ). Taking into account that our broad band energy scan with ∆E 1 5 keV is about a factor of 2.5 more efficient than the conventional dichromatic technique, a total photon number of 1 ¢10 13 is available in the exposure time of 5 s.
Comparing with the required total number it can be concluded that, in principle, the lungs can be investigated. However, a detailed feasibility study is required to gain more insight in the various problems of such an experiment.
